In this work, using single walled carbon nanotubes (SWNTs) made by chemical vapor deposition (CVD) process, transparent conductive film (TCF) was prepared for mass production. The optimum dispersion condition and two step sprays coating of aqueous SWNTs solution and organic polymer solutions have enabled us to achieve the high conductivity, excellent flexibility, and strong adhesion. Through the analysis of particle size and zeta potential of dispersed SWNTs in water, it was found that the particle size and solution stability were reduced as dispersing time increased. Acid treatment of sprayed SWNTs layer removed the surfactant and provided a hole doping effect to SWNTs, resulting in significant reduction of the surface resistance of SWNTs film. Consequently, CVD SWNTs flexible transparent conductive film (surface resistance of 270 ohm/sq, transmittance of 82.3% at 550 nm with substrate effect, and of 93.5% without substrate effect) was developed.
INTRODUCTION
The improvement of conductivity of transparent conductive film (TCF) using conducting filler has received a considerable amount of attention in the various fields such as display technologies, solar cells, flexible electronic devices, and optical devices. [1] [2] [3] [4] [5] [6] [7] Development of flexible TCF is interesting topic for display industry. Most materials used for flat panel displays can not be transferred to flexible substrate. 8 The most popular material used in TCF is Indium Tin Oxide (ITO). But depletion of Indium and high process cost increased the price of ITO film. In addition, ITO has several limits in various application areas such as the flexible display: it is brittle and has poor adhesion to plastic substrate, large difference in thermal expansion coefficient with plastic substrate.
Single walled carbon nanotubes (SWNTs) is good alternative to ITO for the transparent conductive films because of its high conductivity, high aspect ratio, low thermal variation, and excellent flexibility in the form of film. [9] [10] In addition, SWNTs technology offers a variety of beneficial properties, including: (a) broad range of conductivity * Author to whom correspondence should be addressed. (10-10 7 , (b) uniform and linear conductance, (c) excellent transparency, (d) neutral color tone, (e) wet processing, (f) good adhesion, (g) durability (h) abrasion resistance, (i) good chemical resistance, (j) flexibility, and (k) ease of patterning. These properties of SWNTs enable it to be used in conformal or flexible display. 11 General approach for fabricating TCF with SWNTs is to disperse the SWNTs in water with sodium dodecyl sulfate (SDS) as dispersant. SDS can be removed by acid treatment and then SWNTs have hole doping effects by strong Bronsted acids, namely H 2 SO 4 , HNO 3 , and HCl. 12 Spray coating which is simple and quick method for large scale application was used for deposition of SWNTs. 13 The quality of spay coating depends critically on the size of droplet, usually the smaller droplet, the higher surface quality. 14 The purpose of this work is to replace ITO with thin film based on SWNTs and to develop TCF production process directly applicable to industrial area. 3 15 In this work, SWNTs made by chemical vapor deposition (CVD) process 14 were used because of its low price and easy mass production. The oxidation and annealing of CVD SWNTs were included to enhance the conductivity of SWNTs. 
EXPERIMENTAL DETAILS
The CVD SWNTs (Cheap Tube. Inc., U.S.A.) were used as conductive coating material with average outside diameter of 1.1 nm, length of 5∼30 m, and purity of 90 wt%. The crystallinity and purity were enhanced by annealing at 600 C in nitrogen for 1 hour after oxidation at 300 C in air for 1 hour. The SWNTs were dispersed in 1 wt% sodium dodecyl sulfate (SDS, Sigma-Aldrich. Inc., U.S.A) aqueous solution by sonication. Various polymer solutions were made by dissolving the thermoplastic polymer binders (polyester, polyurethane, poly vinyl chloride) in methyl ethyl ketone. Poly ethylene terephthalate with corona treated and untreated (PET, SK Chemicals Co. Ltd., Korea) were used as flexible substrate with transmittance of 88% at 550 nm. Nitric acid of 60% was used to remove the surfactant and as strong Bronsted acid which gives a hole doping onto the SWNTs. One weight percentage of SDS was dissolved in pure water, and then 0.1 wt% of SWNTs was dispersed in SDS dissolved water using horn type ultrasonic homogenizer (VCX-750, Sonic & Materials Inc., U.S.A.). The SWNTs dispersed aqueous solutions were centrifuged by centrifuge (HA-500, Hanil Science Industrial Co. Ltd., Korea) at 6000 rcf for 1 hour.
Particle size and zeta potential of dispersed SWNTs in water were measured by zetasizer (Malvern zetasizer 3000 HS, Malvern instruments Ltd., U.K.). In case of particle size analysis, dynamic light scattering (DLS) method was used and zeta potential was measured by laser Doppler electrophoresis method. Zeta potential is a very good index of the magnitude of the interaction between colloidal particles and zeta potential measurements are generally used to assess the stability of colloidal systems.
The SWNTs aqueous solution and polymer solutions were directly sprayed on flexible substrate using spray gun (W-101, ANEST IWATA Co., Japan.). Firstly, well dispersed SWNTs aqueous solution was sprayed onto the PET substrate. To avoid droplet formation, the substrate was heated to around 100 C during the spray, and SWNTs/PET film was immersed into 60% nitric acid for 30 seconds to remove the surfactant, and immersed in pure water immediately to remove nitric acid and then it was dried completely. Secondly organic polymeric solution was sprayed onto the SWNTs layer and then it was also dried completely. Using this method, enhanced conductivity, increased adhesion and flexibility was achieved.
Crease test was done by the standard of Changsung Corporation, which followed modified ASTM F1683-05e1. The standard is made for the quality control of conductive paste manufactured by Changsung Corporation: (1) Bend the sample, tested line resistance already, to the inside thoroughly. The adhesion strength between the PET substrate and SWNTs conductive layer was determined by peel strength using 3M #600 tape, which followed ASTM D903-49. Adhesion strength was measured by the change of surface resistance before and after adhesion test. by sonication. In Figure 1(b) , a dividing line between stable and unstable dispersions is generally taken at either +30 or −30 mV, particles with zeta potentials more positive than +30 mV and more negative than −30 mV are normally considered stable. As shown in Figure 1 , the dispersed SWNTs is the most stable when dispersing time is 5 minutes. Especially, when the sonication time is over 20 minutes, standard deviation (SD) of zeta potential increased greatly. It suggests that surface damage and shortening of SWNTs result in very unstable state of dispersed SWNTs solution when sonication time is increased. Figure 2 shows FE-SEM image of SWNTs solution droplets with spray conditions. Wettability between SWNTs solution and PET substrate increased with increase in the surface energy of PET by corona treatment and with decrease in the surface energy of solution due to the solution heating. In other words, the wettability between SWNTs solution and PET film is much better when the surface energy of them become more similar. Figure 3 shows FE-SEM images of SWNTs layers on PET: (a) before, and (b) after nitric acid treatment. Acid treatment of SWNTs layers using 60% nitric acid removed the surfactants and gave a hole doping effects on SWNTs by strong Bronsted acids, HNO 3 . As a result, the surface resistance of SWNTs film was reduced by one order of magnitude. Figure 4 shows the change of surface resistance by transmittance of SWNTs/PET films with: (a) treated conditions of SWNTs, and (b) sonication time. The annealing of SWNTs made by CVD process enhanced the conductivity. The resistivity of SWNTs film was increased when sonication time was too long. Surface damage and shortening of SWNTs with sonication time increasing resulted in higher resistivity of TCF. (a), but flexibility of SWNTs TCF was much better than ITO TCF (b). Adhesion strength is also good enough as shown in TCF (c). Polyester is better than other coating polymers.
RESULTS AND DISCUSSION

CONCLUSIONS
Using Direct Light Scattering (DLS) measurement of particle size and zeta potential measurement, we could get the optimum dispersion condition for SWNTs aqueous solution. As sonication time increased, the particle size of SWNTs decreased and the state of SWNTs aqueous solution became more unstable. This implies that surface of SWNTs was damaged and shortening of SWNTs in solution occurred during sonication. So, the conductivity of TCF decreased when sonication time became too long. Treatment of SWNTs layer using nitric acid removed the surfactants in SWNTs layer and reduced the surface resistance of TCF significantly by hole doping effects. Surface resistance increased slightly after polyester coating, but flexibility of SWNTs TCF became much better than ITO film. Adhesion strength is also good enough. Consequently, CVD SWNTs flexible transparent conductive film (surface resistance of 270 ohm/sq, transmittance of 82.3% at 550 nm: with substrate effect, 93.5%: without substrate effect) was developed. Using CVD SWNTs and spray deposition, the price of TCFs is inexpensive and mass production is easy and this process can be directly applicable to industrial area.
